Purpose: To assess the contribution of 1 H-magnetic resonance spectroscopy ( 1 H-MRS), diffusion-weighted imaging (DWI), diffusion tensor imaging (DTI) and dynamic susceptibility contrast-enhanced (DSCE) imaging metrics in the differentiation of glioblastomas from solitary metastasis, and particularly to clarify the controversial reports regarding the hypothesis that there should be a significant differentiation between the intratumoral and peritumoral areas. Methods: Conventional MR imaging, 1 H-MRS, DWI, DTI and DSCE MRI was performed on 49 patients (35 glioblastomas multiforme, 14 metastases) using a 3.0-T MR unit. Metabolite ratios, apparent diffusion coefficient (ADC), fractional anisotropy (FA) and relative cerebral blood volume (rCBV) were measured in the intratumoral and peritumoral regions of the lesions. Receiver-operating characteristic analysis was used to obtain the cut-off values for the parameters presenting a statistical difference between the two tumor groups. Furthermore, we investigated the potential effect of the region of interest (ROI) size on the quantification of diffusion properties in the intratumoral region of the lesions, by applying two different ROI methods. Results: Peritumoral N-acetylaspartate (NAA)/creatine (Cr), choline (Cho)/Cr, Cho/NAA and rCBV significantly differentiated glioblastomas from intracranial metastases. ADC and FA presented no significant difference between the two tumor groups. Conclusions:
Introduction
Primary glioblastoma multiforme (GBM) and intracranial metastases are the most commonly identified brain tumors in the adult population. Conventional magnetic resonance (MR) imaging of glioblastomas and solitary intracranial metastatic lesions may be indistinguishable, often displaying lack of differentiation between these two entities, as their imaging characteristics and contrastenhancement patterns may be similar in many cases. Preoperative differentiation between these lesions may contribute to better treatment planning [1] . In the last years, advanced MR imaging techniques such as proton magnetic resonance spectroscopy ( 1 H-MRS), Diffusionweighted imaging (DWI), diffusion tensor imaging (DTI) and dynamic susceptibility contrast-enhanced (DSCE) MRI have provided information regarding the physiologic and metabolic characterization of brain tissue. MR imaging has shifted toward functional and molecular MR imaging, thus promising to improve MR specificity and provide an insight into the underlying biological characteristics of brain tumors [2, 3] . In vivo 1 H-MRS provides a metabolic profile of brain tumors, measuring specific amino acids such as N-acetylaspartate (NAA), choline (Cho) , creatine (Cr), lipids (Lip), and lactate (Lac), and their relative ratios [1] . In most brain tumors, a non-specific pathologic spectrum consisting of increased Cho/Cr and decreased NAA/Cr ratios is detected, indicating loss of neuronal integrity and increased myelin turnover, respectively [4] . Presence of lactate and lipid peaks are usually consistent with aggressive tumors, reflecting increased anaerobic metabolism and cellular necrosis, respectively [1, 2, 512] . Diffusionweighted imaging provides information about the diffusion properties of water molecules in different cerebral regions. The apparent diffusion coefficient (ADC) is an index that gives a rough evaluation of water diffusion in a certain region, considering diffusion as an isotropic process. However, studies have shown that ADC is rotationally dependent; pointing out that water diffusion is restricted or facilitated toward certain directions [13, 14] . Diffusion tensor imaging represents a further development of DWI, taking into account the directionality of water diffusion in a certain voxel due to the microstructure of the underlying tissue. Fractional anisotropy (FA) is a quantitative index reflecting the magnitude of the orientated water diffusion, and is considered to be a parameter associated with the architecture and integrity of white matter in the brain parenchyma [1315] . DSCE MRI enables non-invasive qualitative and quantitative measurements of tumor vascularity [1, 16] . Relative cerebral blood volume (rCBV) maps derived from DSCE MRI can be used to quantify areas of neovascular proliferation, which has been reported to be one of the most important factors responsible for the histopathological type of tumors, rendering DSCE MRI an important technique for characterizing intracranial neoplasms [3, 5] . All the aforementioned MR imaging methods have promised to distinguish glioblastomas from solitary metastatic brain tumors. Regarding the intratumoral part of these lesions, 1 H-MRS initially sought to differentiate between the two lesions, identifying a high degree of lipid signal in metastatic tumors compared with glioblastomas. However, this was not supported by the majority of the published data [811] . Therefore, interest was focused on the peritumoral edema. The hypothesis posits that glioblastomas are infiltrative lesions, thus pathologic tissues may be present in the surrounding white matter while metastatic lesions are not. Therefore, the surrounding edema of metastases is considered to be purely vasogenic, whereas around glioblastomas there should be a combination of vasogenic edema and infiltrating tumor cells along the perivascular spaces.
Based on these peritumoral characteristics, 1 H-MRS studies have shown a significant distinction between the two lesions [1, 17] . Regarding diffusion, theoretically water diffusion around glioblastomas is expected to be facilitated by tumor infiltrations, resulting in higher ADC values and lower FA, whereas around non-infiltrating metastases both indices should reach the normal values. However, the results from DWI and DTI metrics, both for intratumoral and peritumoral measurements, have been controversial [1, 1826] . Moreover, similarly to 1 H-MRS studies, it has been demonstrated that intratumoral rCBV measurements do not contribute significantly to differentiation, whereas peritumoral measurements have been proved to be significantly important, reflecting the difference in pathophysiologic mechanisms between glioblastomas and intracranial metastatic tumors [1, 8, 16] . The objective of the present study was to assess the overall contribution of 1 H-MRS, DWI/DTI, and DSCE MRI metrics in the differentiation of glioblastomas from solitary metastasis, and particularly to evaluate the hypothesis that there should be a significant differentiation between the intratumoral and peritumoral areas.
Materials and methods

Patients
Our prospective clinical study was approved by the hospital institutional review board. Patients with a solitary brain tumor with conventional MR imaging characteristics compatible with a glioblastoma or a metastatic lesion were included in our study. Our inclusion criteria sought adult, cooperative patients with a solitary, inhomogeneous, contrast-enhancing brain lesion. Exclusion criteria were children, multiple lesions, prior surgery, and chemotherapy or radiation therapy. Written informed consent was obtained from all patients included in the study. 1 H-MRS, DWI, DTI and DSCE MRI were performed on 49 patients (aged 3273 years) with a solitary brain tumor (35 GBM and 14 metastases). The metastases group consisted of 6 lung and 8 breast primary tumors. The diagnosis (after the analysis of the neuroradiologist and medical physicist) was suggested before surgery. All patients underwent total or partial surgical resection of their lesions with the aid of a frameless neuro-navigational system in our institution. All surgical procedures were performed within a month of the neuroimaging analysis. A histopathological diagnosis was obtained in all cases, and was finally compared with our imaging results.
Conventional MR imaging, 1 H-MRS, DWI, DTI and DSCE examination protocols
The study was performed on a 3-T MR whole-body scanner (Signa HDx; GE Healthcare, Waukesha, WI, USA) applying a standardized MRI, 1 H-MRS, DWI, DTI and DSCE examination patient protocol, using a 4-channel birdcage and an 8-channel phased-array head coil. Conventional MRI protocol included pre-contrast sagittal and transverse T1-weighted fast spin-echo (FSE) (repetition time (TR)/echo time (TE) 700 ms/9.3 ms), transverse T2-weighted FSE (TR/TE 2640 ms/102 ms), coronal T2-weighted FSE (TR/TE 2920 ms/102 ms), and T2-weighted fluid attenuation inversion recovery (FLAIR) (TR/TE 8500 ms/130 ms). Diffusion-weighted MR imaging was performed via a single-shot, spin-echo, echo planar sequence with b value of 0 and 1000 s/mm 2 . To accurately quantify ADC in a region of interest (ROI) high b values may be used, because parameter b is directly correlated with the diffusion sensitization. However, the b values selected in this study are in accordance with the values most commonly used in the literature. Therefore, one who is not familiar to diffusion metrics can directly compare and evaluate our results with those previously reported.
Post-contrast isotropic 3-dimensional spoiled gradient echo (3D-SPGR, TR/TE 6.9 ms/2.1 ms, 12 flip angle, 240 Â 240 mm 2 field of view (FOV), 136 slices of 1 mm thickness) and T1-weighted FSE (TR/TE 700 ms/ 9.3 ms) axial images were also obtained.
1 H-MRS imaging was performed using PROton Brain Exam (PROBE) 2-dimensional multivoxel (2D-chemical shift imaging (CSI)) spectroscopy before contrast administration to avoid signal disturbance. Data were acquired using Point-RESolved Spectroscopy (PRESS) pulse sequence with phase-encoding gradients in two directions, automatic shimming and Gaussian water suppression. Measurement parameters used in 2D-CSI were 1000/144 ms (TR/TE), 16 Â 16 phase-encoding steps and 10-mm section thickness, and the FOV size was adjusted to each patients brain anatomy.
DTI was performed prior to contrast media injection, in the axial plane with single-shot spin-echo echo planar imaging with the following parameters: TR/TE 8000 ms/89.8 ms, gradients applied in 15 nonlinear directions, b ¼ 0 and 1000 s/mm 2 , FOV ¼ 24 mm, slice thickness ¼ 40 mm with gap ¼ 1 mm and NEX ¼ 1.
The DSCE MR images were acquired with a singleshot gradient echo echo planar imaging sequence (TR/TE 2000 ms/20.7 ms, flip angle 60 , FOV ¼ 24 mm, thickness ¼ 5 mm with gap ¼ 0 mm, NEX ¼ 1) during the first pass of bolus of contrast material at a dose of 40.4 mmol/kg body weight. The section thickness and location of the perfusion-weighted MR data set were determined by using the axial T1-weighted images after contrast injection to locate the lesion and axial T2-weighted images to locate the peritumoral T2 signal abnormality. The overall evaluation of 1 H-MRS, DWI/DTI and perfusion-weighted imaging, as well as the analysis and decision making per patient, is a quite time-consuming process which, in some cases, may definitely exceed the available time per patient in terms of clinical routine. The duration of the whole procedure was approximately 1 h.
Data post-processing
H-MRS
Spectra for each patient were acquired from the intratumoral, peritumoral and contralateral regions ( Figs. 1  and 2 ). The contralateral normal area (cNA) was used as the control spectrum. A rectangular ROI was localized by using the transverse T2-weighted FLAIR or T2-weighted FSE, sagittal T1-weighted FSE and coronal T2-weighted FSE imaging sequences. In vivo 2D-CSI spectroscopic data analysis and calculation of metabolite ratios were performed on an Advantage Linux workstation using the Functool software (GE Healthcare). Postprocessing of the raw spectral data included baseline correction, frequency inversion and phase shift. Gaussian curves were fitted to NAA, Cho, Cr, lipid and lactate peaks for determination of peak area. Finally, metabolite ratios of NAA/Cr, Cho/Cr, Cho/ NAA and (LipþLac)/Cr were calculated from the area under each metabolite peak for each ROI separately.
It should be noted that the spectroscopic examination was performed by an MR physicist, as this technique requires the adjustment of several pre-acquisition parameters in order to ensure signal quality. However, the metabolic information provided is highly correlated with the underlying pathophysiology. Hence, the overall evaluation of the spectroscopic findings in combination with the imaging characteristics of the tumor under study requires the co-operation of both the radiologist and the MR physicist.
DWI and DTI
ADC maps were acquired from isotropic DWI and FA maps were acquired from DTI. All measurements were performed on the Advantage Linux workstation using the Functool software. ROIs were placed manually in the intratumoral, peritumoral and contralateral region of each lesion using T2-weighted, T2-weighted FLAIR and T1-weighted post-contrast images as reference images to guide the accurate ROI placement. In the intratumoral region two different ROI methods were applied. A large ROI was placed covering as much as possible the interior border of the tumor, with a diameter ranging from 118 to 990 mm 2 depending on the tumor size. A number of smaller ROIs were placed inside this ROI (we called this the revolver technique, see Fig. 3 ), with a diameter ranging from 10 to 62 mm 2 . The aim was to investigate the potential effect the ROI placement might have on the measured ADC and FA values and to evaluate their eventual differences. Inside the tumor region, ROIs were placed in the solid parts that exhibited contrast enhancement, while in the peritumoral area they were placed on the border between the tumor lesion and its surroundings, as shown on T2-weighted and T1-weighted post-contrast images.
DSCE MRI
For DSCE MRI the data were processed on the GE workstation with the Functool software. T2*-weighted images were firstly corrected for motion artifacts with Brainstat software. The rCBV map (approximated by using the negative enhancement integral) was then overlaid on the T2*-weighted image.
The rCBV measurements were calculated from ROIs, which were placed in regions of the highest perfusion as seen on the rCBV color overlay maps. Six to ten ROIs, ranging in size from 30 to 60 mm 2 each, were placed in the tumor to record the maximal rCBV value. Inside the tumor the placement of ROIs was carefully performed to avoid large vessels, based on the combined information from T1-weighted image after contrast enhancement, T2-weighted FSE image, and T2*-weighted image. The peritumoral region was defined to be within 1 cm outside the enhancing tumor margin with maximum rCBV (Fig. 3D) . The rCBV values were measured in 36 ROIs within the peritumoral region. For comparison, rCBV was also measured in a distant area of the ipsilateral normal-appearing parenchyma to ensure rCBV increment from the intratumoral and peritumoral regions.
Finally, the rCBV ratio was calculated by dividing the rCBV value either from the intratumoral or peritumoral region, outlined above, with the rCBV value from the contralateral ROI.
Regardless of the MR technique performed, inside the region of tumor tissue under study, obvious necrosis, cyst, hemorrhage, edema, calcification and normalappearing brain tissue were excluded from the voxel or ROI whenever possible, in order to avoid false lesion estimation. Voxel and ROI placement was performed without knowledge of the histological information. The ADC, FA and rCBV measurements were performed by two separate readers (radiologist and MR physicist).
Statistical analysis
We grouped the patients according to tumor type (glioblastoma/metastasis). Statistical analysis was performed using the SPSS (version 13) statistical software package. Parameter values were expressed as mean AE standard deviation (SD). The MannWhitney test was used to explore parameter relationships and compare 1 H-MRS, perfusion, diffusion and anisotropy values between glioblastomas and metastases. To determine the combination of the most discriminative parameters and identify their optimal cut-off values, receiver-operating characteristic (ROC) curve analysis based on logistic regression models was performed. The efficacies of the parameters were assessed in terms of sensitivity and specificity. P values of less than 0.05 were considered statistically significant. In addition, metabolic ratios were calculated from the cNA, which is important to ensure metabolic ratio abnormality from the intratumoral and the peritumoral regions.
Results
H-MRS
The mean AE SD of the metabolite ratios within the tumor and the peritumoral area as well as the cNA of glioblastomas and metastases are summarized in Table 1 .
Intratumoral region
All computed metabolite ratios of the intratumoral regions of glioblastomas and metastases were statistically different from those of the cNA, revealing a distinct differentiation of the two lesion types from the normal brain parenchyma, with the exception of NAA/Cr of metastases, which was calculated as marginally close to the cNA levels.
Comparing the metabolite ratios between glioblastomas and metastases intratumorally, no statistically significant difference was observed, revealing the lack of differentiation ability of spectroscopic imaging in the intratumoral region (Table 1) . Nevertheless, a trend of intratumoral Cho/Cr ratio toward higher values for metastases was observed when compared with that of glioblastomas. However, because of the wide corresponding SDs this tendency was not statistically confirmed.
Peritumoral region
The calculated peritumoral metabolite ratio values of glioblastomas were statistically different from the corresponding control values of the normal brain parenchyma. On the contrary, the metabolic ratio values from the peritumoral region of metastases were very close to the corresponding values of the cNA (Table 1) .
Especially for glioblastomas, the peritumoral area consisted of two spectral patterns. The first pattern (Fig. 1B) revealed high Cho and low NAA peaks (70% of glioblastoma cases), whereas the second (Fig. 1E ) revealed a low NAA peak with no distinct evidence of Cho elevation. The peritumoral region of intracranial metastases appeared with normal metabolic pattern consistent with that of the cNA (Fig. 2B) .
Hence, comparing the metabolite ratios in the peritumoral ROI between the two lesion types, NAA/Cr, Cho/ Cr and Cho/NAA ratios were significantly different (P50.05) ( Table 1) , reflecting the different pathophysiologic findings on the periphery of the two lesions. However, an overlapping of these metabolite ratios between the tumor groups under study still exists, even in the case of Cho/NAA, which shows the best discrimination ability (P50.01) as illustrated in Fig. 4 .
DWI and DTI
The mean values AE SD of ADC and FA were calculated for the intratumoral and peritumoral region as well as for the cNA area. All measurements are summarized in Table 1 .
Intratumoral region
Specifically, in the intratumoral region the mean value AE SD of the smaller ROIs was computed for each parameter and compared with the obtained value from the larger ROI (Table 2 ). In the intratumoral region of glioblastomas and metastatic lesions, both ADC and FA were significantly different (P50.05) from the corresponding contralateral normal values ( The two different ROI methods applied in the intratumoral region of the tumor groups investigated showed no statistical difference. The ADC and FA value obtained from the larger ROI was similar (P40.05) compared with the mean value of the smaller ROIs for each parameter. The results are summarized in Table 2 .
DSCE imaging
The rCBV ratio measurements were performed for the intratumoral and peritumoral regions of the two tumor groups. The mean AE SD and the comparison results of rCBV ratio in each ROI, as well as the rCBV ratio values from distant normal-appearing areas of the tumors, are shown in Table 1 .
Intratumoral region
In the intratumoral region, the rCBV ratio values were rCBV (GBM) ¼ 11.49 AE 6.33 for glioblastomas and rCBV (Meta) ¼ 10.80 AE 5.13 for metastases. The intratumoral rCBV ratios of metastases and glioblastomas were significantly higher (P50.05) than the corresponding rCBV value of the normal-appearing area (Table 1) . Comparing the rCBV ratios of the intratumoral area, between the two tumor types no statistically significant difference was revealed.
Peritumoral region
Around glioblastomas rCBV ratio values were rCBV (GBM) ¼ 1.68 AE 0.59, whereas around metastases the rCBV ratio was rCBV (Meta) ¼ 1.06 AE 0.38.
The computed rCBV ratio of the peritumoral region of glioblastomas was significantly different (P50.05) from those of the control area, whereas the peritumoral rCBV ratio values of intracranial metastases did not differ from the corresponding control values. Hence the rCBV ratio from the peritumoral ROI proved to be a strong index (P50.05) in differentiating between glioblastomas and intracranial metastases (Table 1) , despite the slight overlapping of the rCBV values observed (Fig. 4) .
ROC curve analysis
To acquire cut-off values that could differentiate GBM from intracranial metastasis, ROC curve analysis was implemented.
For the peritumoral region only, among all the techniques applied the optimal cut-off values that were able to differentiate GBMs from intracranial metastases are NAA/Cr ¼ 1.50, Cho/Cr ¼ 1.40 and Cho/NAA ¼ 1.10, and rCBV ¼ 1.70 (Fig. 5) .
The resulting sensitivity and specificity of the cut-off values are shown in Table 3 . The area under the ROC curves revealed that these four ratios proved to be statistically powerful in differentiating the two tumor groups. The specificity of the peritumoral rCBV ratio proved to be superior to those of NAA/Cr, Cho/Cr and Cho/NAA ratios, while Cho/Cr achieved the highest sensitivity.
Discussion
Conventional MRI often poses difficulties in the differentiation of glioblastomas and solitary brain metastases, as they both demonstrate similar imaging characteristics and contrast-enhanced patterns. Preoperative distinction between these tumors is important for their surgical approach and therapeutic processes, which could be completely different [8] . Advanced MRI techniques such as 1 H-MRS, DWI, DTI and DSCE MRI are incorporated in conventional clinical MRI routine, providing physiologic and metabolic information, which may significantly contribute in tumor differentiation preoperatively.
Spectroscopy
NAA is generally recognized as a marker of functional neurons and their appendages despite of the fact that its function is not exactly known. Damage or destruction of [10] . Both GBM and metastatic lesions cause normal brain destruction, therefore NAA is markedly reduced.
Intratumoral region
In our study, no statistically significant difference was observed in the metabolite ratio values between glioblastomas and metastases from the intratumoral region, which is in agreement with most previously reported findings [1, 11, 17] . In particular, we found a trend toward higher intratumoral Cho/Cr levels in metastases compared with GBMs (4.56 AE 2.34 and 3.13 AE 1.28, respectively), which was proved statistically non-significant. Several investigators report increased Cho/Cr ratio in metastatic lesions in comparison with GBMs in a statistically significant manner. Nevertheless, we consider that with an increase of our metastatic tumor sample this result will probably be statistically confirmed. Similarly, we found higher intratumoral NAA/Cr levels for metastases than for glioblastomas (1.67 AE 0.83 and 1.19 AE 0.48, respectively) but without statistical significance (P ¼ 0.17). This may be attributed to the fact the metastatic lesions present lower concentrations of Cr, producing a higher Cho/Cr and NAA/Cr ratios.
On the other hand, in a limited series of nine primary and metastatic tumors, Bruhn et al. observed high Cho levels within the enhancing tumor, which did not allow differentiation between the two tumor types [27] . These conflicting results may be due to the differences in the intratumoral ROIs selected for analysis and the intrinsic heterogeneity of tumors.
Peritumoral region
As intratumoral heterogeneity may further complicate the selection of a voxel of interest, the peritumoral region may provide more reliable and reproducible results due to its relative homogeneity. In the present study, the metabolite ratios of NAA/Cr, Cho/Cr and Cho/NAA extracted from the peritumoral area were significantly different among glioblastomas and metastases. This difference in the peritumoral area can in part be explained by the difference in pathophysiology, where molecular mechanisms including abnormalities of tumor endothelium, vascular endothelial growth factor, and leukotriene synthase play a role [28] . Because of their infiltrative nature, peritumoral edema of high-grade gliomas represents a combination of vasogenic edema and neoplastic cell infiltration [2, 5, 28, 29] . On the other hand, peritumoral edema of intracranial metastases is purely vasogenic because of increased extracellular water from the leakage of plasma fluid from altered tumor capillaries, but no tumor cells are present [2, 5] . Our finding that Cho/Cr and Cho/NAA ratios in the peritumoral area of glioblastomas were significantly higher than those of metastases is consistent with previous observations [17, 2834] . However, Chiang et al. and Law et al. reported that there was no significant difference in peritumoral NAA/ Cr between the high-grade gliomas and metastases [1, 8] . Taking this fact into account, it has to be stated that in 30% of our glioblastoma cases the peritumoral spectroscopic findings were marginally close to normal levels (Fig. 1E ). In accordance with Chernov et al., it is possible to suspect that lipids and lactate, diffused from tumors with highly necrotic core as glioblastomas, make an important contribution to the depression of the neuronal function in the peritumoral brain tissue [35] . Alternatively, lipid-producing neoplasms may concurrently secrete other metabolites with a depressive effect on neurons of the surrounding brain. Several studies have reported that the presence of lipids in glioblastomas and metastases are due to areas of necrosis. However, Opstad et al. speculated that although sharing common lipid profiles, in glioblastomas and metastases lipid signal arises from different origins such as pure tumor necrosis for infiltrative tumor cells, and there is less necrosis combined with lipid membrane structure for migratory tumor cells, which might be a possible explanation for the lower peritumoral NAA/Cr on GBMs [30] . In our study, peritumoral NAA/Cr, Cho/Cr and Cho/ NAA ratios achieved sensitivities of 78%, 89% and 78%, respectively, while NAA/Cr and Cho/NAA reached high specificity of 82% and 93%, respectively, in differentiating glioblastomas from metastases. The high specificity of peritumoral NAA/Cr and Cho/NAA ratios means that false-positive rates are low and the true-negative rates correspondingly high. In other words, most of the GBM cases will be correctly classified using these two ratio parameters. In addition, the corresponding areaunder-the-curve values using peritumoral NAA/Cr and Cho/NAA ratios indicate that peritumoral NAA/Cr and Cho/NAA can be useful in discriminating glioblastomas from metastases. On the other hand, Cho/Cr reached a rather low specificity result (62%), which can be explained by the fact that some glioblastomas may not exhibit the tumoral pattern (high Cho level) to their perilesional area, as we observed in 30% of our cases (Fig. 1E) .
It has to be mentioned that in this study, spectral measurements were performed using 2D-CSI in order to simultaneously sample the entire tumor, the peritumoral region and cNA, increasing the likelihood of demonstrating the most metabolically active portion of the tumor [8] . Nevertheless, since the signal in 2D-CSI is spatially encoded by a finite number of phase-encoding steps, the spatial origin of the signal does not generally coincide with the rectangular shape of the voxel in the spectroscopic grid. The signal of the voxel of interest may be contaminated with signals from other voxels, due to data reconstruction by the application of Fourier transform [28] . This phenomenon is referred to as voxel bleeding and should be considered as a limitation of this technique, because signal intensities obtained from voxels located on the edge of the tumor may be influenced by each other, and the values of the relative signal intensities in the peritumoral region may be distorted by strong resonances originating from the tumor.
Diffusion and anisotropy metrics
The intratumoral ADC and FA values obtained from the larger ROI as well as the number of smaller ROIs for both glioblastomas and metastases showed no statistical differences. The mean value from the smaller ROIs was similar to the one of the larger ROI for both parameters, indicating that water diffusion and anisotropy inside the solid area of a lesion might be independent of the ROI size placed. Therefore, it seems that placing a single ROI inside the intratumoral region can sufficiently describe the diffusion properties of this area.
Intratumoral region
In the present study the ADC and FA values measured in the intratumoral region of both tumor groups were significantly different to those in the cNA; nevertheless, there was no statistically significant differentiation between the two lesion types. A possible explanation for these findings is that because GBMs as well as metastatic lesions show tumor heterogeneities with necrotic and cystic regions, the diffusion of water molecules is facilitated and is considered to be more isotropic in comparison with the diffusion in normal areas. Therefore, inside these lesions the directionality of water diffusion is reduced, a process reflected as a relative decrease in FA values intratumorally compared with the FA values of the contralateral normal side [21, 3640] . Hence it is concluded that ADC and FA values of the intratumoral regions could not serve as predictive indices in the differentiation of these two tumor types, in accordance with previous studies [2125] . However, based solely on the mean values and the corresponding SDs of the parameters as shown in Fig. 6B , the mean value of FA in glioblastomas is higher than in metastases, indicating roughly that FA might be a more appropriate index to quantify the diffusion properties in the intratumoral region of these two groups. The higher FA of glioblastomas in the present study may be attributed to the fact that glioblastomas present higher cellularity in the solid part of their lesion than do brain metastases [41, 42] . Whether FA is positively or negatively correlated with tumor cell density and vascularity, and whether it can be used to assess tumor grading, is under wide dispute. Kinoshita et al. reported a positive correlation of FA with higher tumor cell density, and this correlation is still controversial [43] . Beppu et al. showed a linear increase of FA values and cell density, while Stadlbauer et al. showed that FA values decrease as cell density increases [37, 44, 45] . A possible reason for these conflicting reports could be the different tumor regions studied [46] .
Peritumoral region
Based on the obtained diffusion measurements in the peritumoral area of GBMs and metastatic tumors, our initial hypothesis that there should be a distinct differentiation between the peritumoral regions of the two lesion types was not verified. Around metastases, ADC values were slightly increased compared with GBMs and the obtained FA values were relatively lower than GBMs, respectively; however, these differences failed to reach statistical significance. Hence, these results indicate that ADC and FA could not serve as differentiating diagnostic indices in the peritumoral region of GBMs and metastatic tumors. Regarding ADC, previous studies have reported that ADC measurements around the lesions are not indicative and do not aid in the differentiation between them [24, 38] . On the contrary, Lu et al. observed significantly higher ADC values around metastatic brain tumors compared with high-grade gliomas, while other studies have reported that diffusion around glioblastomas is increased (i.e., higher ADC) compared with metastases [18, 21, 25] . These findings might be explained by the nature of the surrounding edema, present both in glioblastomas and metastatic tumors, and their effect on the directionality of water diffusion.
Regarding FA, the values measured did not lead to a distinct differentiation; however, based only on the mean values and the corresponding SDs for both tumor groups (Fig. 6B) , FA was higher around glioblastomas than metastases. Higher FA values around GBMs may be attributed to the increased cell density due to infiltrations in the peritumoral region adjacent to the tumor core of GBMs, which might cause water molecules to diffuse with a higher degree of directionality, in contrast to metastatic tumors that are in general non-infiltrating; hence fiber organization around these lesions is not disrupted. Nevertheless, even though hypothetically fractional anisotropy around metastases is expected to reach the normal values, in this study the mean FA value on the periphery of the metastatic lesions was relatively lower than on the contralateral normal side, suggesting that the increased water concentration in the surrounding vasogenic edema leads to a more disorganized diffusion (i.e., decreased FA). Previous studies have reported similar results, observing significantly lower FA values in the peritumoral region of metastatic tumors in comparison with high-grade gliomas [18] .
In conclusion, the low differentiation ability in terms of diffusion anisotropy in the peritumoral region of the aforementioned tumor groups might indicate that the glioma-related FA changes induced by both increased water content and tumor cells are potentially comparable with the metastasis-related changes caused solely by the increased water content.
DSCE imaging
Increased rCBV was previously found in peritumoral edema of glioblastomas [47] . Supposing that peritumoral rCBV is not increased in metastases, we aimed to evaluate whether rCBV values of the intratumoral and peritumoral areas could differentiate solitary metastasis from GBM.
Intratumoral region
In this study, the rCBV ratios obtained from the intratumoral region did not enable the differentiation of glioblastomas from metastases. The measured rCBV values were 11.49 AE 6.33 for glioblastomas and 10.80 AE 5.13 for metastatic tumors, and no statistical differentiation was achieved between the two tumor groups, which is in agreement with previous studies [1, 8, 4852] . These findings may be attributed to the fact that these tumors present high vascularity, abnormal capillary permeability and breakdown of the bloodbrain barrier, and consequently they demonstrate increased rCBV ratio values.
Peritumoral region
The mean rCBV ratio value within the peritumoral region in glioblastomas was 1.68 AE 0.59, higher than the corresponding rCBV value from the cNA (1.13 AE 0.36), which suggests increased peritumoral perfusion resulting from the increased microvascular density and diminished perfusion on distant areas. On the contrary, the peritumoral rCBV ratio of metastatic tumors (1.06 AE 0.38) did not statistically differ from the corresponding normal area (0.96 AE 0.19). It must be noted that there was a tendency toward higher rCBV ratio values of the considered normal areas in glioblastoma cases in comparison with metastases. In fact, neoplastic cells in some high-grade gliomas can be infiltrated, not only outside the contrastenhancing tumor margin but also far beyond the outer edematous edge that is clearly visible on the T2-weighted images, and might be a possible explanation for the relatively higher mean rCBV ratio value in glioblastoma cases [48] . Our study demonstrates that the rCBV ratio from the peritumoral region of glioblastomas and intracranial metastases significantly differed (P50.02), in accordance with previous observations [1, 8, 4749] . Pathophysiologic findings of the two entities confirm these results, since in metastatic tumors the peritumoral area represents pure vasogenic edema rich in proteins caused by increased plasma fluid leakage from capillaries in or around the metastases [48, 48, 53] . Thus, there is no histologic evidence of tumor beyond the outer contrastenhancing margin of the tumor, and the peritumoral region represents the reaction of the surrounding edematous but intrinsically normal brain parenchyma [48] . Furthermore, as Hossman and Bloink stated, blood flow measurements in edematous tissue have shown to be decreased due to local compression of the microcirculation by edema [54] . The aforementioned factors may account for the significantly lower rCBV ratio of metastases in comparison with that of glioblastomas, as presented in this study.
On the other hand, in the peritumoral region of glioblastomas the vasculature is relatively impervious and the peritumoral T2-hyperintensity is a combination of tumor infiltration along the perivascular spaces and vasogenic edema, explaining the increased peritumoral rCBV ratio values [8, 55] . In this particular study a cut-off value of 1.70 in the peritumoral rCBV ratio was calculated, which discloses a sensitivity of 80% and a specificity of 93.8% in the discrimination of these two tumor types. Although many DSCE MRI studies provide different cut-off values ranging from 0.8 to 1.8 to differentiate between GBMs and metastases, the reported levels of sensitivity and specificity remain quite similar [1, 8, 4749, 54, 5658] . It must be mentioned that a homogenized brain metastasis material would be the optimum in such types of study, as the nature of the primary tumor is very important in the differential diagnosis. Moreover, it should be expected that metastatic lesions originating from the same primary sites may potentially present similar diffusion, perfusion and metabolic characteristics, providing further discrimination among metastatic lesions per se.
Summary
Summarizing all the above results regarding the evaluation of MRSI, DWI, DTI and DSCE MRI in the differentiation of glioblastomas multiforme from solitary metastases, we conclude to the following:
Intratumoral region
None of the investigated MR techniques and their corresponding parameters was able to differentiate GBMs from metastatic tumors by evaluating the intratumoral part of the lesions.
Peritumoral region
Statistically significant differentiating indices
The metabolic ratios NAA/Cr, Cho/Cr and Cho/NAA obtained from MRS as well as the rCBV from DSCE MRI showed high differentiation ability between the two tumor groups, supporting the hypothesis that the peritumoral region of glioblastomas is characterized by extensive infiltration of tumor cells whereas the peritumoral region of metastases contains almost purely vasogenic edema.
Non-statistically significant differentiating indices
The diffusion parameters ADC and FA could not reach statistically significant differentiation between the two lesion types, most probably because of the nature of the surrounding edema, present both in glioblastomas and metastatic tumors, and its controversial effect on the directionality of water diffusion.
Conclusion
Advanced MRI techniques are required in many clinical cases where conventional MRI fails to differentiate malignant lesions such as glioblastomas and metastases.
1 H-MRS, DWI, DTI and DSCE MRI has been incorporated in the clinical routine to improve specificity and provide an insight into the underlying biological characteristics of brain tumors.
In this study, we concluded that ADC and FA cannot be used with statistical certainty to significantly differentiate between glioblastomas and metastases, although there is a possibility that larger patient populations might validate a tendency for differentiation using the FA values peritumorally.
On the other hand, DSCE imaging and spectroscopic imaging measurements demonstrated significant differences, especially in the peritumoral region of solitary metastases and glioblastomas, so their use is strongly recommended in the differential diagnosis of these tumor entities.
